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ABSTRACT
The centuries prior to the industrial Revolution provide important baseline information for
understanding 20th century climate. Yet the El Niño-Southern Oscillation, the largest source
of global interannual climate variation, is poorly characterised for this period. Whilst it is
known that the Little Ice Age (1400-1750CE) (LIA) was characterised by cooling SSTs, there
is still some contention surrounding ENSO behaviour; with some records suggesting greater
ENSO variability while others indicate periods of ENSO inactivity. This is largely due to the
availability and shortness of records, highlighting the need to continue to reconstruct and
assess ENSO within this period. In this thesis, a ~50-year long Porites coral from Kiritimati
Island in the central equatorial Pacific, U/Th dated to 1333-1383CE, is used to investigate
past ENSO variability. Sr/Ca, an independent recorder of SST, was measured at a bi-monthly
resolution. This record was used to indirectly reconstruct SST and ENSO variability for this
period, with the average SST found to be 28.0 ±1.6°C (1σ), slightly warmer than the modern
average. The reconstruction indicated that ENSO variability had a stronger magnitude
compared to modern times, and showed a degree of multidecadal variation, with a reduction
of ENSO from the 14th to 15th century at Kiritimati Island. Ultimately, the results from this
study help to characterise the behaviour of ENSO during the 14th century, and, in
combination with other records and further research, may provide insight into climate
variation in the transition from the Medieval Climate Anomaly (MCA) to the LIA.
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1 INTRODUCTION
The El Niño Southern Oscillation (ENSO) is one of the largest sources of global inter-annual
climate variation. ENSO has two major phases; El Niño and La Niña, occur irregularly every
2-7 years (Li et al., 2013), and events can have their magnitude, length, and frequency
modified on decadal and multi-decadal scales (Wang, 2002). Through studying past ENSO
variability, scientists can gain an insight into how ENSO amplitude varies in regard to
changes to rainfall and temperature, providing a base line to assess current and future climatic
variation.
Of particular interest is the last 1000 years, which have shown significant changes in the
global climate. Several distinct periods have been identified, including the Medieval Climate
Anomaly (MCA) (950-1250 Common Era (CE)), the Little Ice Age (LIA) (1400-1750CE),
and the modern climate (1800CE to Present) (Mann et al., 2003). The global climate shifts
from warm, drought-like conditions during the MCA to a cooler LIA, and natural climatic
forcing is thought to play a role (Phipps et al., 2013; Graham et al., 2011). Volcanic eruptions,
and changes to solar irradiance may have influenced the climate during the MCA-LIA
transition, which shows periods of cooling and warming throughout. In the central Pacific,
ENSO amplitude and frequency is also seen to be highly variable throughout the millennium,
moving from an El Niño-like phase in the MCA to a more La Niña focussed regime in the
early LIA, and showing alternations between strong and weak ENSO amplitude (Cobb et al.,
2003a; Li et al., 2011). ENSO strength was seen to be strengthening from the start of the
millennium throughout the LIA, although this increase was not uniform, with periods of
quiescence visible in the record (Phipps et al., 2013). Furthermore, changes to the mean
climate state, either from volcanic eruptions, solar irradiance changes or other teleconnection
influences, are seen to impact ENSO variation (McGregor and Timmermann, 2011).
The records of past climate and ENSO are based on reconstructions using a variety of proxy
indicators, such as tree-rings, speleotherms, ice cores, and corals. Tree-ring records of past
ENSO, although continuous for the past millennium, are located away from the core ENSO
centre of action in the equatorial Pacific and could reflect a change in a given region’s
connection to ENSO (Fowler et al., 2012). Fossil corals allow for a high resolution
1

reconstruction of past climate and coral oxygen isotope (δ18O) records have been used to
reconstruct past ENSO variation in the NINO3.4 area of the central equatorial Pacific (Cobb
et al., 2013). Changes in sea surface temperatures (SST) in the NINO3.4 region (120-170°W,
5°N-5°S) define El Niño and La Niña events, however the coral records from the NINO3.4
region are discontinuous. In addition, although the coral δ18O reflect predominantly SST
changes, they also contain a rainfall component, which makes a linear and potentially nonlinear contribution to the ENSO signal, introducing errors in ENSO reconstructions
(McGregor et al., 2011; Phipps et al., 2013; Evans et al., 1999). The strontium versus calcium
ratio (Sr/Ca) in the coralline skeleton can be used as a ‘temperature only’ alternate to coral
δ18O, as it shows a direct inverse relationship with temperature (Beck et al., 1992), though
Sr/Ca has not been widely measured in corals from the equatorial Pacific to reconstruct ENSO
for the past millennium. This study sets out to reconstruct and characterise ENSO variability
from 1333-1383 Common Era (CE), and help to fill in gaps in the paleoclimate proxy record.
This study aims to:
1) Review the existing literature on the climate of the 14th century, characterising ENSO
behaviour and variability,
2) Extend the proxy record for the MCA-LIA transition period using a Sr/Ca coral record
from Kiritimati Island in the central equatorial Pacific, and
3) Compare the results of this study to the modern record, and to other published data
from similar time periods in order to identify how ENSO behaviour in the 14th century
differs from the present.
To achieve these aims, this study will present a 50year record of estimated SST at Kiritimati
Island in the central equatorial Pacific, reconstructed using Sr/Ca ratios from a Porites coral
that grew during the end of the MCA-LIA transition period. This record is compared to two
other coral records from the same locality; one from a similar time period, and one modern, as
well as to the instrumental record for the NINO3.4 region and a coral from Palmyra Island for
the 14-15th century. Through these comparisons, this study will attempt to describe ENSO’s
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interannual variation as well as longer term fluctuations, such as decadal or multi-decadal
oscillations.

2 REGIONAL SETTING
This thesis focuses on the climate of the central equatorial Pacific, and comprises of a coral
record sampled from Kiritimati Island, a coral atoll that lies in the central equatorial Pacific
(Fig. B). Kiritimati island is located at 2°N, 157°W within the NINO3.4 region of the central
equatorial Pacific (120-170°W, 5°N-5°S). As a whole, the equatorial Pacific is ideally
suitable for ENSO reconstruction due to its location at the epicentre of the large scale
atmospheric and oceanic features that influence the ENSO cycle (Graham et al., 2007). The
equatorial pacific is divided into four regions in regards to studying ENSO; NINO 1+2, 3, 3.4
and 4. Kiritimati lies within the centre of the NINO3.4 region (Fig. A), and is ideal for
capturing ENSO variability with strong correlation found between the NINO3.4 and
Kiritimati average SSTAs (McGregor et al., 2013b). Previous work has also found a strong
relationship between SST anomalies in the central equatorial Pacific and ENSO features
(McGregor et al., 2013a; Cobb et al., 2013).

Figure A: Kiritimati Island's location within the NINO3.4 region in the central equatorial Pacific. Kiritimati Island and the
NINO3.4 region are represented by the white dot and grey box respectively. SST anomalies during an El Niño event are
shown through coloured contours, ranging from -3°C to +6°C. Kiritimati Island’s location shows sensitivity to SST during
ENSO events (figure taken from (McGregor et al., 2013a)).
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3 LITERATURE REVIEW
3.1

THE EL NIÑO SOUTHERN OSCILLATION

3.1.1 Atmospheric and oceanic interactions
The El Niño Southern Oscillation (ENSO) is a naturally occurring phenomenon that
influences climatic variation throughout the globe. Variation in ENSO shows changes to sea
surface temperatures (SST), sea surface salinity (SSS) and sea level pressure (SLP) anomalies
(Wang, 2002). Due to the large scale of these circulation patterns, ENSO has an impact on
both the regional and global atmospheric flow conditions, and therefore on global climatic
variation (Emile-Geay et al., 2008). These flow conditions stem largely from the Walker
circulation; an atmospheric cell which models air flow in the tropics that is one of the driving
forces of ENSO patterns. The Walker circulation moves air westward along the surface that is
too cold to flow upwards into the hemisphere Hadley Circulations (Power and Smith, 2007).
As this air moves westward, it is heated by the warm western Pacific waters. Once it has been
heated and supplied with enough moisture to undergo adiabatic ascent, this air flows eastward
once more (Bjerknes, 1969). This air largely comes from easterly trade winds; however can
also include air rising from the western Pacific, air descending over the eastern Pacific and in
some cases counter westerly winds (Power and Smith, 2007).
This Walker circulation can influence and be influenced by the Pacific thermocline and it’s
resulting SSTs. The Pacific thermocline represents a zone of transition between upper warm
water and the cold deep water of the Pacific Ocean along an east-west gradient, and can be
seen in Figure. C below. This thermocline increases eastward, leading to cold surface water in
the east and relatively warmer in the west. The upwelling of cold water in the east drives
warm water westward, creating what is known as the Indo-Pacific Warm Pool (Li, 1997).
Variation in both the Walker Circulation and the Pacific thermocline creates a ‘seesawing’
effect that is seen in the SLP from the east (Tahiti) and the West (Darwin) ends. This occurs
over an irregular cycle of 2-7 years, and is studied using the Southern Oscillation Index
(SOI); a measure of in SLP difference from Tahiti to Darwin (Cane, 2005). The Bjerknes
Feedback, a term describing this variation, is a positive feedback loop that was first
5

Throughout time, the magnitude and length of two phases has varied depending on a number
of factors (Cobb et al., 2013). These factors include; volcanic forcing, tidal cycles, solar
irradiance, and the influence of other global teleconnections such as the Pacific Decadal
Oscillation (PDO) or Southern Annular Mode (SAM) (Cane, 2005). The effect of these
factors lead to ENSO variation on a number of timescales, including interannual, decadal, and
multidecadal. Interdecadal ENSO fluctuations are evident in the equatorial pacific and other
regions showing strong ENSO teleconnections. North American Drought anomaly records
show variation in ENSO magnitude over an inter-decadal scale, while Palmyra δ18O coral
records (1800-2000CE) show multi-decadal fluctuations reaching anomalies of 0.3°C (Cobb
et al., 2001; Li et al., 2011). These fluctuations vary similarly to the PDO, a teleconnection
that results in inter-decadal to multi-decadal variability in extra-tropical Pacific SSTs
(McDonnell et al., 2016). The relationship between PDO and ENSO is not fully understood,
however the modulation of ENSO amplitude is seen to vary over similar timescales to the
PDO (Li et al., 2011).

3.2 THE GLOBAL CLIMATE OF THE LAST MILLENNIUM
The global climate has changed dramatically over the last 1000 years. Three distinct periods
can be identified from records; the Medieval Climate anomaly, the Little Ice age, and the
modern climate, with transitional periods connecting each (Mann and Jones, 2003).
3.2.1 The Medieval Climate Anomaly: 950-1250CE
During early medieval times (~950-1250CE), the Earth, in particular northern Europe and
North America, experienced anomalously warm temperatures and strong drought conditions.
These conditions were thought to be relatively mild, and particularly warm during Summer
(Graham et al., 2007; Lamb, 1965). This period has been described as the Medieval Climate
Anomaly due to the anomalously warm conditions seen (Hughes and Diaz, 1994). These
warm conditions were neither temporally nor spatially constant, with periods of cooler
climate occurring, as well as variation in the magnitude of temperature anomalies found
across the globe (Goosse et al., 2012). Fossil coral δ18O records from Palmyra Atoll in the
central equatorial Pacific suggested that the 10th century had both the coldest and driest
conditions of the past 11000yrs (Cobb et al., 2003a). furthermore, several glacial advances
7

recorded over the Earth from 1050-1150 CE, including in New Zealand, British Columbia and
the Alps (Wanner et al., 2008).
The records compiled to understand this period are spatially variant, and concentrate largely
on the northern hemisphere due to site availability (Graham et al., 2007). These proxy
records, including those from tree-rings, sediment and ice cores, documentary evidence and
fossil corals, all provide insight into the conditions prominent in this period’s climate, as seen
in Fig. D below (Cobb et al., 2003a; Mann and Jones, 2003). The tropical Pacific is known to
have some effect on northern hemisphere climates due to circulation of SSTs from the IndoPacific Warm Pool and surrounding regions. However, it may be more the difference in the
SST gradient between the east and west ends of the tropical Pacific that is effecting the
climate during the MCA, rather than simply SST variation as a whole (Graham et al., 2011).
In the eastern tropical pacific, dry La Niña-like condition occurred from 800-1000CE, before
a shift to wet El Niño occurred from 1000-1300CE (Conroy et al., 2008). This is consistent
with conditions in the western tropical Pacific; with SSTs as warm as modern times from
1000-1300CE, and had significantly cooler SSTs both prior to and after the MCA (Goodwin
et al., 2014; Oppo et al., 2009). Thus, a two-stage MCA could have occurred, with a shift in
the mean climate state between two periods; 800-1100CE and 1100-1300CE (Goodwin et al.,
2014). The data from this compilation also shows an immediate end to the MCA pattern at
1280-1300CE. The latter half of the MCA showed an increase in the strength of ENSO
variability, increasing event magnitude, and can be seen in tree-ring records affected by the
ENSO teleconnection (Li et al., 2011).

8

Figure D: Field reconstruction of Temperature anomalies by Mann et al (2009). A=
Northern Hemispheric mean. B= North Atlantic AMO region, C = North Pacific PDO
region and D = Nino 3 region. the shading represents a 95%confidence interval. The red
and blue boxes show the MCA and LIA periods respectively (taken from Mann et al., 2009

3.2.2 The Little Ice Age: 1400-1750CE
The LIA is a period of glacial advance that is thought to have occurred from 1400-1750CE.
First identified by Matthes (1939), the LIA is the most recent, and one of the more visible of
these anomalously cool periods. Following the MCA-LIA transitional period, the Earth
underwent an age of relatively cold temperatures, with SSTs in the Indo-Pacific ~0.5°-1°C
degrees cooler than the twentieth century during its coldest times (Oppo et al., 2009). Despite
the name, this period is more complex than a single ice age period, with times of both warm
and cool anomalous conditions occurring at varying magnitudes and importance across the
globe (Bradley and Jonest, 1993). In the Northern hemisphere, pronounced cooling occurs, as
9

seen in Figure. D above (Mann et al., 2003). European and N. American records suggest the
coldest conditions of the last 560 years occurred between 1570CE and 1730CE (Bradley and
Jonest, 1993). There are not many high resolution records of past climate from the southern
hemisphere, with terrestrial records limited spatially. However, field reconstructions indicate
that southern hemisphere temperature variation was less pronounced than the northern
hemisphere, particularly compared with high latitude areas such as the Arctic (Mann et al.,
2003; Goodwin et al., 2014). In the tropical Pacific, some records show cooling while others
suggest that little temperature change occurred (Hereid et al., 2013). furthermore, a combined
SST and δ18O reconstruction found that coupling of the East Asian Monsoon System and
Indian-Pacific Warm Pool hydrology may have had more of an influence than local SST
variation on hemispherical climate (Oppo et al., 2009). This SST reconstruction characterized
a gradual SST decrease from the end of the MCA, peaking in 1700CE. Warming then began
to occur, with two cold periods each spanning multiple decades at the end of the LIA and start
of the 20th century (Oppo et al., 2009).
ENSO behaviour is more difficult to pinpoint during the LIA, as different studies having
alternative views on ENSO behaviour in this period, highlighting the need for more high
resolution records of ENSO activity in the LIA to be constructed. A combined δ18O and
Sr/Ca 233 year long coral record from Misima island, Papua New Guinea found a small
change in hydrological balance, although no discernible change in temperature (Hereid et al.,
2013). Conversely, in foraminifera δ18O reconstructions from the edge of the western Pacific
warm pool, ENSO was found to have greater variability during the LIA, with more frequent
El Niño and La Niña phases (Khider et al., 2011). This is consistent with Palmyra fossil coral
δ18O records, which found a highly variable ENSO in the LIA. From these records, the 17th
century showed a higher varying and more frequent ENSO than modern records, while 14th
century record suggested reduced variance (Cobb et al., 2003a). Similarly, tree-ring records
found significant changes to the ENSO pattern surrounding New Zealand during both the 14th
and 15th centuries, with relatively high variance in the 14th century abruptly declining in the
15th. However, this may be due to weakening of the New Zealand ENSO teleconnection
rather than an ENSO collapse in activity (Fowler et al., 2012). Reconstructions of the
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NINO3.4 SSTs show an overall increase in variance from 1550-1880s, while the start of the
LIA is characterised by a reduction in variance ((Li et al., 2013).
3.2.3 The MCA-LIA transitional period: 1250-1400CE
The period from 1250-1400 represents a transition from the anomalously warm and dry MCA
conditions to the cooler LIA period. Following the end of the MCA, temperatures began to
decline once more, returning to levels of regular variation. This period also demonstrated a
more even El Niño and La Niña phase alternation, with a higher frequency than in the MCA.
It is unknown what caused the end of the MCA period, with a variety of factors likely
involved. Volcanic eruptions are known to cool global temperatures through the increased
reflection provided by the ash and sulfates injected into the atmosphere (Emile-Geay et al.,
2008). In 1258CE, a strong eruption occurred, and this may have been a factor in cooling of
the globe due to the reduction in the amount of solar radiation penetrating the Earth’s
atmosphere. The climate in this period was also influenced by variations to solar
irradiance(Phipps et al., 2013). From 1000-1300CE, there was a high level of irradiance,
(power/radiant energy received per unit surface area), that began to decline at the beginning
of this transition period (Mann and Jones, 2003). A strong El Niño event also occurred during
what was thought to be a period optimal of La Niña conditions. This change in ENSO pattern
extended through this period and into the LIA (Graham et al., 2011).
There are few reconstructions of this period, and ENSO activity is still uncertain. Corals from
Palmyra atoll (1300-1450CE) by (Cobb et al., 2003a) suggest cooler temperatures than
present, with El Niño phases stronger than in its older counterparts from the same study (928961CE, 1149-1220CE), but reduced compared to modern Palmyra corals (Fig. E). While El
Niño was continuing to increase in strength from 1300-1450CE, the surrounding SSTs were
decreasing, and the global climate as a whole was becoming wetter and cooler (Cobb et al.,
2013). Reconstructions by Li et al. (2013), which show an overall reduced ENSO variance
from 1300-1550, with two 40-60 year periods of higher variances.
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Figure E:Overlapping fossil coral δ18O records from the 14th to 15th century at Palmyra atoll by Cobb et al. (2003a). Each
set of triangles show the U/Th dating constraints of their corresponding coral. The offsets of mean δ 18O applied by Cobb are
shown in the bottom left corner, while the correlation coefficients between overlapping corals are shown along the bottom of
the plot. The record shows the combined variation of SSS and SST throughout the 13 th and 14th century. Figure taken from
(Cobb et al., 2003a).

3.3 CORAL AND PROXY INDICATORS AS RECORDERS OF ENSO:
Proxy indicators represent an indirect method of inferring about a past physical phenomenon;
such as temperature, rainfall or sea level. Proxy indicators are indirect as the variation of the
indicator is dependent largely on a physical variable of interest. Thus, a relationship can be
established between changes to the proxy indicator and changes to the physical variable
(Alibert and McCulloch, 1997). Both paleoclimate proxies and climate models provide
sources of information on past climates and can be used independently or together in studies
(Phipps et al., 2013). Recently, a substantial amount of work has been undertaken to
determine the use of modern and fossil corals as a proxy record to interpret and reconstruct
past environmental variability.
Corals allow for continuous, high resolution reconstructions of the tropical Pacific climate,
and can be used to supplement the current instrumental record. These long-lived corals have
been used to document the recent tropical Pacific climate variability for different timescales
(McCulloch et al., 1994). Fossil corals have been used to show this same variability further
back in the past, representing one of the more direct sources of high resolution records prior
to 1600CE (Beck et al., 1992). In particular, fossil corals are widely used to reconstruct past
climate, ocean temperature, sea level or ENSO variability (Cobb et al., 2003a). Unlike
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modern corals, fossil corals of length are rarely found, typically spanning for several decades.
Due to this, they can a) underestimate the amount of climate variability for that period, and b)
be difficult to reproduce (Cobb et al., 2003b). In this study, Porites Spp. fossil corals are used.
Porites are hermatypic corals commonly used for the reconstruction of El Niño and are found
in the central equatorial Pacific (McGregor et al., 2013b). Elements or trace elements taken in
by the Porites corals at their time of growth are used to make these proxies, with the two most
common being Sr/Ca or δ18O ratios in the coralline skeleton (Stephans et al., 2004b).
3.3.1 δ18O as a proxy indicator
The δ18O is the most common proxy used in corals to explore past SSTs and sea surface
salinity (SSS) (Grottoli and Eakin, 2007). The oxygen isotopic ratio refers to the ratio
between 18O and 16O isotopes that can be found in seawater and coralline skeletons. This ratio
varies depending on the hydrological balance present at time of growth. In corals, the
composition of oxygen isotopes (δ18Ocoral) is determined by the surrounding SST and δ18O
composition of the seawater (δ18Osw) (Cahyarini et al., 2008). Linear regression is then used
to estimate the relationship between the isotopic ratio and the cumulative effect of SSS and
SST. As temperature increases, the δ18Ocoral decreases, largely due to the effects of kinetic
fractionation in the coral (Grottoli and Eakin, 2007). A 1°C increase leads to roughly a 0.22%
decrease in the δ18Ocoral, however this is purely based on empirical studies and can vary with
species (Weber and Woodhead, 1972). The amount of δ18O found in coral also decreases
inversely to rainfall, meaning that it is an idea proxy to use for the reconstruction of ENSO
(Grottoli and Eakin, 2007).
There is, however, still some uncertainty associated with using δ18O as a proxy indicator. This
includes those from the combining of multi-site records, converting between SST and δ18O
values, and any errors from the construction of δ18O datasets (Stevenson et al., 2013). As δ18O
shows a mixed signal of SST and SSS, it can be difficult to translate into reliable SST
estimates at the century scale as uncertainty arises determining which component was the
contributing factor (Cobb et al., 2003a). While typically SST is estimated through linear
regression of δ18O, the possibility of SST and SSS co-varying may lead to a bias in the
regression slope estimation (Cahyarini et al., 2008). Discrepancies between δ18O and Sr/Ca
are thought to occur due to the SSS component of δ18O being influenced by differing rainfall
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patterns between the time of the record and modern, and this should be taken into account
when comparing the two (Cahyarini et al., 2008).
3.3.2 Sr/Ca as a proxy indicator
The relationship between strontium and calcium in corals has been used as an indirect proxy
indicator of SST over the past 105 years (Beck et al., 1992). The ratio of Sr/Ca found in
coralline aragonite is dependent on two environmental factors; the ratio of strontium and
calcium in the seawater surrounding the coral, and the Sr/Ca distribution coefficient in the
coralline aragonite and the sea water itself (Beck et al., 1992). The amount of Sr substituting
Ca received by the coral is inversely proportional to the surrounding temperature (de Villiers
et al., 1994). While it is now well-known that Sr ions substitute for Ca ions in coralline
aragonite, there is still some contention regarding discrepancies between location, and the
lack of universal calibration. In order to relate the two, the Sr/Ca must be calibrated based on
an equation specific to their region of origin (Moreau et al., 2015). To reduce discrepancies
within Sr/Ca, it is vital that a suitable calibration equation is chosen, based on SSTs within
close proximity to the samples (Hathorne et al., 2013).
There are several processes that have an impact on the application of Sr/Ca proxy use in fossil
corals; including initial Sr/Ca seawater composition, differences between coral species,
variation in extension rates and diagenesis within the calcification of the coral itself
(McGregor and Gagan, 2003; Stephans et al., 2004a; de Villiers et al., 1994). Improved
measurement techniques will reduce the effect of these environmental factors. For example,
recent investigation into the use of Thermal Ionisation Mass Spectrometry (TIMS) in Sr/Ca
SST reconstruction shows an accuracy of 0.5°C (Hathorne et al., 2013). The implied long
oceanic residence time of both strontium and calcium means that they can be utilised as long
term proxy indicators (de Villiers et al., 1994). Strontium and calcium ratios are also more
stable than δ18O isotopes and hence are not effected as much by changes to other hydrological
conditions such as SSS (Hathorne et al., 2013). Overall, Sr/Ca has the potential for the
creation of monthly-weekly resolution temperature records, and the increased research into
improving the method, as well as reducing inter-lab and interspecies variation is key to
understanding this process.
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4 METHODS
4.1

SAMPLE COLLECTION

The SST record presented in this study comes from the fossil coral CH22, and was collected
in 2011 from Kiritimati Island (157.5°W, 1.8°N) in the central equatorial Pacific (Fig. B). A
section of the coral was collected in-situ from the reef flat at Northeast Point. Kiritimati Island
is located in the NINO3.4 area, and, as discussed in section 2.1 and 2.2 above, is ideally
suited to detect ENSO variability. Modern and fossil corals from Northeast Point have
previously been analysed to reconstruct ENSO and the modern corals are records of ENSO
signals (Woodroffe and Gagan, 2000; Woodroffe et al., 2003). SST measurements from a
variety of reef settings across the island showed an absolute SST variation of ~0.5°C
suggesting that SSTs from Kiritimati are consistent (McGregor et al., 2013a). After
collection, the coral section was cut into three 7mm slices using a diamond bridge saw prior
to this honours project.

4.2 X-RADIOGRAPHY
Six CH22 slices were X-rayed to identify coral growth bands and the maximum growth axis
(MGA) on each slice, and to check for diagenesis or impurities within the coral visible by eye.
X-rays were taken at Illawarra Radiology Group Medical Imaging centre in Corrimal, using
an X-ray imaging machine with settings 42KV at 3mA. Coral density bands seen in X-ray
(Fig. F) are formed during the seasonal outward growth of the coral, represent the seasonal
outward growth of the coral, whereby darker (lighter) bands in the x-ray positive reflect
denser and (less dense) coralline skeletal material (Lough and Barnes, 1990; Klein and Loya,
1991). Corallite fans extending during coral growth can also be seen within each band (Fig.
F).
.
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4.3 CHOICE OF SAMPLING TRANSECTS
Sampling axes were chosen from X-ray transparencies, following the MGA. This MGA is the
central axis of corallite fans that are extended during coral growth (Fig. F), and represent the
most linear growth of the coral skeleton. Sampling along this axis ensures that the samples are
aligned with the time axis of the coral, allowing a reliable climatic record to be produced
(Delong et al., 2013). When choosing axes for sampling, the edge of the coral was avoided
due to possible contamination and increased diagenesis from increased water flow
concentrations through the bore holes. Any valleys in the coral growth patterns, or unclear
corallite fans and areas of disorganized coralline skeletal structure were also avoided, as these
can produce a bias in Sr/Ca reconstructions (Delong et al., 2013). Each slice was further
assessed under UV light to find areas of possible secondary calcite formation, identified as
bright white dots appearing on the slice surface (McGregor and Gagan, 2003), and to identify
and connect matching annual growth-bands across pieces. No diagenesis near the proposed
sampling transect was visible in the x-rays or under the UV light, although further testing
with XRD and thin sections is required to be sure these areas are free of alteration. Eight
sampling transects along the MGA in six sequential slices were chosen, with each
overlapping slightly with the next to create a continual record (Fig. G). A coral growth rate of
~15-17mm/yr was estimated through measuring the distance between annual growth-bands in
the coral. Overall the growth rate of CH22 was fairly homogenous, suggesting good reliability
for Sr/Ca analysis (Delong et al., 2013).

4.4 SAMPLE PREPARATION
Slices were milled to create a 10mm wide, 2.33mm thick ledge, and cleaned thoroughly using
a Branson 450 ultra-sonic probe and Milli-Q water to remove any impurities or
contaminations within the coral from the milling process. Once dry, 5.0-6.0mg samples were
milled continuously on a CNC micromill at 1mm intervals using a 2mm drill-bit, with a
clearing cut following each sample. This was equivalent to a resolution of ~18 samples per
year, estimated by examining the distance between coral growth bands under UV light.
Between samples, the area was cleaned with compressed air to reduce the risk of cross-sample
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contamination. Where less than half of the sample was collected; due to cracks, machine or
human error, the clearing cut was also collected.

4.5 STRONTIUM CALCIUM RATIO ANALYSIS
Every second sample was chosen for Sr/Ca analysis, to create a record of ~bi-monthly
resolution. 450-550 ± 1µg aliquots of samples were weighed using an Orian Cahn C-35
microbalance at UOW and placed into individual 10ml plastic centrifugal vials and digested
with HNO3 solution. Prior to use, all vials, lids and pipettes were soaked in 5% HNO3
solution for a period of 24hrs, rinsed three times with Mill Q water, and dried in a 40°C oven
overnight. For digestion, a 1% (Vol/Vol) suprapur grade HNO3 solution was added to each
weighed out sample, pipetted at a 0.1ml per 10µg ratio of HNO3 to coral powder so that a
Ca2+ concentration of 37 ± 4ppm was obtained for optimal analysis. Each vial was shaken
thoroughly after acid addition and placed in a 40°C sonicator bath for 30minutes to ensure
complete dissolution.
Samples were analysed with Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) at the Australian Nuclear Science and Technology Organisation (ANSTO) to
determine Sr/Ca ratios. The ICP-AES was run on a Thermo Fisher Scientific iCAP 7600
series machine, optimised for Sr/Ca analysis and calibrated using standard solutions of Sr, Ba
and Mg over a wide range of concentrations appropriate for expected values of the sample
concentrations. Each sample was aspirated into the machine in the liquid phase, and the
instrumental parameters can be found in Table. A. At the start of each sample batch, two
blank controls prepared identically to the coral samples were analysed to test for acid and vial
contamination. To correct and monitor internal drift within the machine, an Internal
Calibration Verification solution (ICV) with known analyte concentrations was analysed
following every second sample. This correction found an internal error of ± 0.030mmol Sr/Ca
(0.34% RSD). The Sr/Ca ratios were corrected and calculated from intensity peaks by Henri
Wong at ANSTO. An internationally recognised Porites coral reference material, JCp-1 (Okai
et al., 2002), was prepared following the same method as samples, and run at the beginning
and end of each run; to account for inter-laboratory variability and allow the results to be
compared globally (Hathorne et al., 2013). This was used to correct the Sr/Ca results by
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following peaks (McGregor et al., 2013a). the estimated growth rate, x-ray seasonal banding,
and number of samples per year (~6-8/yr) were all taken into consideration. The resulting age
model was interpolated in the program R to create an evenly spaced, bi-monthly resolution
time series of Sr/Ca values. Each interpolated point was found using the “approx” function in
the package Zoo, using neighbouring values (Zeileis and Grothendieck, 2005). Only original
values were used in the interpolation, and the interpolated time series was checked against the
original age model to ensure it hadn’t significantly affected the data. The script used can be
found in Appendix. 1.
4.6.2 SST calibration
As the fossil coral Sr/Ca record does not overlap with any instrumental SST data, a
calibration equation is used to convert Sr/Ca to SST. Sr/Ca ratios show an inverse relationship
to SST in the central equatorial Pacific, however the exact nature of this relationship is not
universal, and can differ between sites (Hathorne et al., 2013). Therefore, this study uses the
calibration equation calculated by McGregor et al. (2013a) for corals from Kiritimati Island,
to convert Sr/Ca to SST (equation 1).
𝑆𝑆𝑇°C = −12.056 × Sr/Ca + 138.2681

Equation 1

This equation was derived via reduced major axis regression of XM22, a modern Porites
coral Sr/Ca record and ERSSTv3b instrumental SST for the period of 1994-2007CE (R2 =
0.64) (McGregor et al., 2013a).

4.7 URANIUM THORIUM DATING
Two 200mg samples were taken from slice CH22-A for uranium-thorium (U/Th) dating. This
section was chosen due to the high visibility of seasonal banding, and lack of diagenesis
present under UV light. The two samples were estimated to be ~11 years apart by counting
the annual growth increment, and were milled into fine powder. U/Th analysis on the two
samples was completed at the Radiogenic Isotope Laboratory, University of Queensland
using the method followed in Zhou et al. (2011). The results of the U/Th analysis can be
found in Table. B below. In addition to the two coral samples, a laboratory standard was also
tested (AC-1 in Table. B). The correlated initial 234U/ 238U represents the departure of uranium
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ratios from the seawater value. This was used as a check during analysis, and both dates were
within the accepted bracket of 1.1455 ± 0.0023 (Table. B) (McGregor et al., 2013a; Cheng et
al., 2000).
The large difference between the ages of the two samples was 59 years, compared to 11 years
based on growth incruments, and another two dates will be analysed to further refine the
estimation of CH22’s absolute age. Until then, the age of CH22 is estimated using the midpoint distance-wise and average of the two dates, 0.653ka (1363CE), and an error of the
difference between these dates as ± 29years (the spread of the age difference). The estimated
age was used in combination with the internal coral age found in age model construction to
reach an estimated CH22 age bracket of 1333-1383CE. This is consistent with previous
radiocarbon dates, which gave an estimation of 1336 ± 200years for slice CH22-B.
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Table B: CH22 Uranium-thorium series dating results from the Unviersity of Queensland (all error intervals are 2σ).

SAMPLE

238

U (ppm)

232

Th (ppm)

230

Th/ 238U

I.D

UNCORRECTED

CORRECTED

CONVERTED

AGE (KA)

AGE (KA)

AGE OF
SAMPLE (CE)

CH22-A2-Uth-1

CH22-A2-Uth-2

AC-1

2.8958 ±

0.0276 ±

0.00653 ±

0.0011

0.0006

0.00005

2.8209 ±

0.0432 ±

0.00715 ±

0.0012

0.0006

0.00005

3.1857 ±

4.34 ±

0.7604 ± 0.0017

0.0018

0.006

CORRECTED
INITIAL
234

U/ 238U

0.624 ± 0.005

0.623 ± 0.005

1393 ± 5years

1.1454 ± 0.0008

0.682 + 0.005

0.682 ± 0.005

1334 ± 5years

1.1469 ± 0.0010

124.394 ± 0.542

124.358 ± 0.542

N/A

1.1441 ± 0.0013
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filter was used to draw out the ENSO signal from the record. The resulting filtered record has
a standard deviation of 0.8°C, with both positive (El Niño) and negative (La Niña) events
evident.

Figure I: Record of CH22 SSTA°C, showing the calibrated SSTA(blue), the ENSO 2-7year piecewise Linear bandpass
filtered SSTA (red), and a linear trend line showing overall trends (black) (trend-line equation: y = 0.0199x+0.9894). The
SSTA was found by subtracting each SST from the mean. The record is fairly stable, with a slight increase throughout the
time series, and a variable ENSO signal.
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6 DISCUSSION
6.1 CHARACTERISING ENSO IN THE 14TH CENTURY: MODERN COMPARISON
6.1.1 Modern baseline for comparison
To characterise the climate of the 14th century, a modern baseline is needed. However, XM22,
the coral CH22’s calibration equation was derived from, is too short a record for a full
comparison to be made. The modern microatoll XM22 spans 1994-2007, and this 13-year
period does not necessarily show the full range of 20th century ENSO variability. The
calibration equation was derived using reduce major axis regression of the modern microatoll
XM22, and ERSSTv3b SSTs (McGregor et al., 2013a). These two records were compared for
the period of 1994-2007, to ensure a reliable baseline is used. The instrumental data shows
similar variation to XM22, with a high degree of correlation for the ENSO filtered data (R2 =
0.81), as seen in Fig. J. Thus, the CH22 results will be compared with the ERSSTv4 SST
(instrumental) data for the grid 158°W 2°N over the interval of 1880-2016CE.

Figure J: Comparison of XM22 and ERSSTv4 SST records. Each record has been filtered using a 2-7year Piecewise linear
bandpass filter. The red line represents the XM22 modern Kiritimati SST reconstruction from (McGregor et al., 2013a). The
blue line is a subset of the ERSSTv4 instrumental data for 158°W 2°N grid from 1994-2007CE (Huang et al., 2015). The two
records show a high correlation (R2 = 0.81). The large 1997/1998 El Niño event can be seen in both records.
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6.1.2 Wavelet power spectrum analysis
Wavelet analysis is a method of analysis that creates a visual interpretation of the power
spectrum within a dataset. It is a tool that can be used to simultaneously define dominant
modes of variability within a time series, as well as how they vary throughout time, and is
ideal for time series that may have some degree of non-stationarity variability (Torrence and
Compo, 1998). The wavelet analysis is based on a Morlet wavelet function (MWF) (Fig. K).
The MWF is classed as a complex non-orthogonal function for wavelet analysis, and is useful
for analysis of time series that have expected smooth or continuous variation to their wavelet
amplitude, as well as for depicting oscillatory behaviour (Torrence and Compo, 1998). In
order to test the significance of the peaks seen in the wavelet analysis, a global wavelet
spectrum is applied. This is a background Fourier spectrum, and tests for any non-stationary
changes that occur to the variance (Torrence and Webster, 1999). The wavelet analysis can be
affected by edge effects in the time series, and while each analysis was padded with zeros to
reduce the effect of this variation, some can still occur, as shown through the cone of
influence in figure. K(b) (Torrence and Webster, 1999). The wavelet analysis in this study
was performed using the interactive wavelet plot software provided by Torrence and Compo
(1998) at the website http://paos.colorado.edu/research/wavelets/software.html. Wavelets
were applied to the CH22 record, as well as the modern instrumental record for the NINO3.4
area, to provide a comparison in periodicity. Wavelet analysis was applied to the record in
this study to broadly determine the frequency at which variability in the record occurred, and
assess the power of these.
The global wavelet analysis of the CH22 record shows three major peaks of variability, at a
frequency of 1 year (annual), a more gradual peak from 2-7 years (inter-annual), and a 1632yrs (multidecadal) peak, as seen in Figure. K(c) below. The inter-annual peak corresponds
to an ENSO signal (Evans et al., 1998), and a high power can be seen across the majority of
the time series for this frequency. This variation is also occurring through time, with a higher
level of ENSO variation appearing to occur from 1355-1375CE (Fig. K(b)). The highest
power found is at~20years, suggesting a large amount of multidecadal variation within this
record, although the multidecadal variability does fall within the uncertainty bounds of the
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wavelet analysis (grey shaded region; Fig. K(b)). This is most likely due to the record itself
being only 50 years in length, giving only two realisations of the ~20-year cycle.
A wavelet analysis of the modern Kiritimati instrumental record was carried out for
comparison with the CH22 record. The data was taken from the ERSSTv4 gridded data set for
the 2° by 2° grid surrounding Kiritimati island for 1880-2016 at a monthly resolution (Huang
et al., 2015). The modern wavelet shows a major peak from 2-7 years, with the highest power
occurring around 4 years. This is consistent with the CH22 record, with a with a large gradual
peak occurring at this 2-7-year band. The CH22 record however, shows a higher power at this
frequency than the modern record. For example, the CH22 record showed powers of more
than 25 (°C)2 from ~1358-1374CE, while the modern record showed a power higher than
17(°C)2 from ~1935-1960CE. In addition, the CH22 record shows a higher power at the
multidecadal period, with considerations to the shortness of the record as noted above. Both
records showed periods of higher magnitude and periods of quiescence in 2-8 year frequency
power. The modern record has greatest power at the 128-year frequency, which I interpret as
the long term trend associated with anthropogenic global warming.
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Figure K: Top: Wavelet analysis of the CH22 fossil coral record. (a) the CH22 fossil coral record. (b) The wavelet power
spectrum. (c) The global wavelet power spectrum. (Bottom) Wavelet analysis of the modern instrumental record for the
Kiritimati region from 1880-2016 (data taken from Huang et al. (2015)). (a) Modern Kiritimati ERSSTv4. (b) The wavelet
power spectrum. (c) The global wavelet power spectrum. For the wavelet power spectrum in both, the contour levels are
chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level, respectively. The cross-hatched region is
the cone of influence, where zero padding has reduced the variance. Reference: Torrence, C. and G. P. Compo, 1998: A
Practical Guide to Wavelet Analysis. Bull. Amer. Meteor. Soc., 79, 61-78. (figure automatically produced with analysis).
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6.1.3 ENSO variability
In order to isolate the variability within the SST time series associated with ENSO, a 2-7year
-piecewise-linear bandpass filter was applied (Khider et al., 2011). The filter was built
through the software Analyseries, with a central frequency of 0.321yr-1 and a bandwidth of
0.178yr-1, corresponding to a filter range of 2-7 years (Paillard et al., 1996). The filter detrended the series and removed the mean, allowing comparison with other series, and was
applied to both the CH22 fossil coral record and the modern ERSSTv4 record (1880-2015), as
seen in Fig. L. El Niño (La Niña) events were classified to have more than a +0.5°C (-0.5°C)
SST anomaly for a period of 5 overlapping, consecutive 3-month running means as per the
National Oceanic and Atmospheric administration (NOAA) Oceanic Niño Index for the
NINO3.4 region (Pascolini-Campbell et al., 2015; National Oceanic and Atmospheric
Administration, 2016).
ENSO variability can be described in regards to event frequency, event strength, and event
variability (Clarke, 2008). Using standard deviation as a measure for ENSO strength, the
fossil SST record had a strength of 0.80°C (1σ) compared to 0.64°C (1σ) in the modern
instrumental record; leading to a 26% increase in the fossil SST record ENSO strength. In
order to compare like-for-like, the fossil record was compared to a modern time series of
similar length (Mudelsee, 2010). In this case, the 49-year subset of the modern instrumental
record with the highest variance (1949-1998CE) was used for comparison (Fig. L). The
ENSO strength change was similar for this updated modern instrumental record, with an
increase of 14.2% in 14th century ENSO strength (1σ = 0.80°C) compared to the modern (1σ
= 0.70°C).
The fossil coral record had a similar frequency of events to the 1949-1998CE modern
instrumental record, with 11 El Niño events and 10 La Niña events in the fossil SST record
compared to 10 El Niño and 11 La Niña events from 1949-1998CE. Of the El Niño events,
the maximum anomaly was +2.10°C, occurring in 1355-1357CE with an average El Niño
strength of 0.45°C (1σ). This is stronger than the modern, which had a maximum El Niño
event of +1.78°C, occurring in 1997-1999, and an average strength of 0.44°C (1σ). This
corresponds to a relatively similar ENSO variability, with an increase of 1.9%.
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This suggests that while an extreme El Niño event occurred, overall the strength of El Niño
events were similar between the 14th century and present. The most extreme La Niña event
had an anomaly of -1.74°C in 1372-1373CE (average 1σ = 0.49°C). This was a slightly lower
strength than the modern maximum of -1.79°C (1904CE), however the average standard
deviation was only 0.35°C, meaning that overall the average strength of La Niña events in the
fossil record was more pronounced than the modern record by 39%. This can be seen through
visual inspection of the filtered series (Fig. L), with 7 out of the 10 La Niña events depicting
SSTAs stronger than -1°C. This is consistent with the idea that the Transitional period was
moving toward a La Niña focussed regime, though due to the shortness of this record, it may
be a small period of strong events within a less extreme period (Hereid et al., 2013).

Figure L: A 2-7year Piecewise Linear bandpass filtered modern SST instrumental record from 1949-1998 (top) and CH22
SST record (bottom). Red represents positive while blue represents negative SST anomalies. On each graph, +0.5°C and 0.5°C demonstrate the limits for El Niño and La Niña events respectively, as shown by the dashed lines in each figure. The
CH22 SST record shows more irregular ENSO phases, with a large El Niño event in the 1350s.
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6.2 ENSO VARIABILITY IN LINE ISLAND CORALS
This coral record is one of few available for the transitional period in the central equatorial
pacific. Through comparing the CH22 SST record with other published records in a similar
time period, a consensus on the ENSO signal can be made. A spliced coral record from Cobb
et al. (2003a) for the 14th-15th century provides some overlapping comparison with the
Kiritimati record. A previous honours thesis also provides a coral from the same locality as
the CH22 SST record for the 15th century, which shall be referred to as either CH32 or the
15th century Kiritimati record from herein (Faddy-Vrouwe, 2015). Palmyra Island (6°N
162°W) lies north of Kiritimati island, and shows a sensitivity to regional ENSO activity,
sharing 72% of a modern δ18O fossil Porites coral’s 20th century variability with the NINO3.4
index (Cobb et al., 2003a). These records were also compared to the reconstructed NINO3.4
SST by (Emile-Geay et al., 2013)
After applying a 2-7year piecewise-linear bandpass filter to the records, all three records show
a variable ENSO signal. Both Kiritimati records show similar alternations between El Niño
and La Niña events, with periods of weaker and stronger ENSO cycles evident (Fig. M),
compared with the more consistent modern record. This was also evident in the Palmyra
record, which had an overall reduced ENSO signal with periods of stronger ENSO strength.
When compared to modern records for their respective locations, CH22 is the only record to
show a stronger ENSO signal than modern records (+26%), while the CH32 record and the
Palmyra record show a reduction of 14% and 34% respectively. The modelled NINO3.4
record supports this idea of more irregular ENSO cycles during the 14th and 15th century, as
well as the occurrence of a large El Niño event in the mid-1300s. While this analysis gives an
Overall indication of the relative ENSO strengths, an in-depth look at the variance change
within the coral records would give a more detailed description of the ENSO signal variation.
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In comparison, the two modern records for these locations are remarkably similar in their
ENSO variance, depicting a reduction in variance in the early 1900-1950, before steadily
rising to the most recent 30-year window. As seen in Figure. N, the Palmyra δ18O coral record
shows less variance than the NINO3.4 instrumental record used for Kiritimati comparisons, it
also appears to take longer to adapt to variance changes, lagging by 5-10 years in it’s increase
from 1940CE onwards. The two Kiritimati Island records represent two snapshots of the 14th
and 15th century, and show a 32% reduction in variance from the CH22 record to the CH32
record (0.80°C from 1333-1383CE to 0.54°C from 1424-1470CE). This change in standard
deviation is slightly smaller than the Palmyra coral δ18O record’s range of standard deviation
(40%), reaching a minimum in the 1347-1377CE window before rising until the 13821412CE window (Fig. N). This change in ENSO amplitude occurs over a period of 40-years,
and combined with the variation between the Kiritimati records, indicates a more decadalscale of variability in ENSO amplitude than their modern comparisons.
It should be noted that comparisons between the two records may be impacted by a number of
factors, such as complexities due to locational differences, error within the estimated U/Th
dates, or the added noise of SSS and rainfall on the coral δ18O record (Cobb et al., 2013;
Stevenson et al., 2013). The use of the modern reconstruction as a benchmark also means that
the weakened ENSO strengths seen in the Palmyra and CH32 Kiritimati record may due to
the 20th century values being anomalously strong, rather than the average (Cobb et al., 2013).
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This may be due to the location of the tree-rings in regards to teleconnection influences
(Fowler et al., 2012). Pacific SST records in the 18th to 19th century show a multidecadal
oscillation of 15 to 20-years, alternating between periods of strong and weak decadal
variability. This, combined with the timing with climate regime shifts, implies interaction
between the tropics and extra-tropics that are influencing interannual climate variability on
some level (Holland et al., 2007).
6.3.2 Decadal and multidecadal trends in ENSO amplitude
Decadal to multidecadal-scale variability also modulates the amplitude of ENSO events. The
combined record for Kiritimati mentioned above depicts a long term variation in ENSO
amplitude. This is broadly consistent with other records in the central equatorial Pacific, with
the Palmyra δ18O record also showing similar levels of changes to variance over 30-50 year
periods (Cobb et al., 2003a). Reconstructions by Li et al. (2013) also showed decadal
modulation of ENSO amplitude in periods, with a semi-regular cycle of 50-90 years
identified. The reconstruction also finds positive feedback between warmer than average
conditions in the eastern Pacific and enhanced ENSO strength, supporting the idea of a
climate mean-state in the Pacific interacting with ENSO variance in a positive feedback loop
(Li et al., 2011). While interannual variability is consistently visible, decadal variability is
seen only periodically throughout the records, tending to be more pronounced in times of
warmer temperatures and strong ENSO conditions (Cobb et al., 2001; Li et al., 2013). This
decadal variability of ENSO amplitude is seen throughout history, with 19th century IndoPacific corals showing decadal variability of 8-14years under singular spectral analysis (Ault
et al., 2009). The 19th century was seen to show higher decadal variability than 20th century
observations, and this is largely a function of the sparseness of instrumental data, suggesting
that the decadal and multidecadal variability of ENSO is largely underestimated by
instrumental data (Ault et al., 2009; Li et al., 2013).
The decadal to multi decadal variance may be a function of ENSO’s interaction with other
teleconnections such as the PDO or Interdecadal Pacific Oscillation (IPO), exhibiting a more
complex structure of its variation through time (Nurhati et al., 2011). Comparison between
PDO phases and a 130-year coral record compilation in the Indo-Pacific indicated that ENSO
teleconnections were strong (weak) during a positive (negative) PDO phase (Chowdry et al.,
36

2012). This is consistent with Power et al. (1999), who found that both ENSO amplitude PDO
influence Australian precipitation patterns. Overall, while ENSO and PDO are known to be
dependent on one another, the nature and level of influence between the two are still not fully
understood (Patterson et al., 2013). It is therefore vital that future research focus on the
development of long term proxy records, to characterise decadal to multidecadal trends in
ENSO amplitude and climatic variability.

7 CONCLUSIONS AND RECOMMENDATIONS
This thesis presented a 49-year SST reconstruction from coral Sr/Ca ratios for Kiritimati
island in the central equatorial Pacific in order to reconstruct climatic and ENSO variability in
the 14th century. This record provided a signal of both ENSO variability and climatic trends
from 1333-1383CE. The record found temperatures 0.6 ± 1.6°C (1σ) warmer than present,
with a 14% stronger ENSO signal than a modern record of the same length, as well as large
but non-significant variability at the decadal to multi-decadal scale. This decadal variability is
consistent with other records in the Pacific, suggesting factors that operate on decadal to
multidecadal scales, for example the Pacific Decadal Oscillation, are playing a role.
Comparisons with Palmyra δ18O coral records, tree-ring records from New Zealand, and
modelled NINO3.4 reconstructions show inconsistencies in the magnitude of ENSO, however
together they showed similar patterns in changes to ENSO variance through time, suggesting
decadal to multidecadal oscillations in ENSO amplitude. Overall, this thesis provides a 49year snapshot of the climate of the 14th century, and further research is needed to fully
characterise this unique transitional period from the MCA to the LIA. As such, it is
recommended that future work be applied to the following areas:
-

Reconstruct δ18O ratios in the Kiritimati records to isolate the rainfall patterns of the
14th century, and compare the differences between δ18O and Sr/Ca results for the
CH22 and CH32 records.

-

Refine the U/Th date estimates for the CH22 coral record, to allow a more precise
comparison between records.
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-

Extending the records in the 14th century and transitional period, using a combination
of δ18O and Sr/Ca tracers, to further characterise ENSO variability and isolate rainfall
and SSS patterns.

-

Compare the decadal variability found in this coral with that of a modern record, and
teleconnections in the central equatorial Pacific, to increase understanding of ENSO’s
longer term oscillations and to investigate the role of other teleconnections, such as
the PDO, in ENSO amplitude variance.
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